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Edited by Horst FeldmannAbstract In Saccharomyces cerevisiae, one of two cytosolic ly-
sine-tRNAs is partially imported into mitochondria. We demon-
strate that three components of the ubiquitin/26S proteasome
system (UPS), Rpn13p, Rpn8p and Doa1p interact with the im-
ported tRNA and with the essential factor of its mitochondrial
targeting, pre-Msk1p. Genetic and biochemical assays demon-
strate that UPS plays a dual regulatory role, since the overall
inhibition of cellular proteasome activity reduces tRNA import,
while speciﬁc depletion of Rpn13p or Doa1p increases it. This re-
sult suggests a functional link between UPS and tRNA mito-
chondrial import in yeast and indicates on the existence of
negative and positive import regulators.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Import of small RNAs into mitochondria is not universal
but largely spread among organisms, though the mechanisms
of import diﬀer from one organism to another [1–3]. For the
majority of cases, it concerns transfer RNAs. In yeast Saccha-
romyces cerevisiae, one of tRNAsLys (tRNALysCUU, further re-
ferred to as tRK1) is partially associated with mitochondria
[4]. Its import is a highly selective process since the second iso-
acceptor tRNALysmnm5s2UUU (tRK2) is localized exclu-
sively in cytosol. In addition, yeast mitochondrial DNA also
codes for tRNALyscmnm5s2UUU (or tRK3). Import of
tRK1 is dependent on mitochondrial membranes receptors,
on internal and external ATP, on the proton potential and sol-
uble cytosolic proteins [5,6]. The current model [7] suggests
that tRK1 needs to be aminoacylated by the cytosolic lysyl-
tRNA synthetase (Krs1p), then it is targeted to the mitochon-
drial surface by a glycolytic enzyme enolase-2 (Eno2p), where
it forms a complex with the precursor of mitochondrial lysyl-
tRNA-synthetase (preMsk1p), and ﬁnally is transferred into
the organellar matrix. It was proposed that Eno2p plays the
role of RNA chaperone, whose function is not only targeting
of the tRNA, but also facilitating its interaction with pre-
Msk1p. Eno2p and pre-Msk1p are suﬃcient to direct tRK1*Corresponding author. Fax: +33 3 88 41 70 70.
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[7]. Imported tRK1 was proposed to serve for decoding of the
rare AAG-codons in mitochondrial mRNAs, especially in tem-
perature stress conditions, when tRK3, aﬀected in its antico-
don modiﬁcation, fails to do that [8]. Since tRK1 role inside
the mitochondria is thought to be conditional, one could sug-
gest that tRK1 import may also be conditionally regulated. To
search for candidates for the role of tRK1 import regulatory
factors, we performed yeast two- and three-hybrid screenings
to ﬁnd proteins interacting with either tRK1 or preMsk1p.
Among others, 3 proteins involved in the ubiquitin/26S protea-
some system (UPS) were identiﬁed: Rpn8, Rpn13 and Doa1.
We further show that these proteins may, indeed, inﬂuence
tRK1 import. This may suggest existence of a functional link
between UPS and tRNA import.2. Materials and methods
2.1. Strains and plasmids
The complete list of strains and plasmids used can be found in Sup-
plementary online material, Tables S1 and S2, respectively. Yeast cells
were grown on standard media YPD or YPEG (1% bactopeptone, 1%
yeast extract, 2% glycerol, and 2% ethanol) [9]. Genetic screenings by
two- and three-hybrid systems were performed as described in [10–12],
respectively. Genes of full length proteins Rpn8, Rpn13 and Doa1
were cloned in pGAD-GH vector to be tested for interactions in
two- and three-hybrid systems. Strains with deletions rpn13 or doa1
(the background strain BY4743) were purchased from the EURO-
SCARF yeast collection data bank. Strain erg6 with increased perme-
ability of membranes and corresponding wild type strain RH449 was
from Riezman H. (Geneva, Switzerland). Strains with mutations in
genes of 26S proteasome proteolytic subunits PRE1 and PRE2 and
the corresponding wild type strain WCG4 were obtained from W.
Heinemeyer (Martinsried, Germany). Plasmid YEp352-UBI4 bearing
ubiquitin gene UBI4 was kindly provided by S. Friant (Strasbourg,
France). Plasmid was shuﬄed by growth on 5-FoA medium (SD med-
ium with 0.1% 5-ﬂuoroorotic acid).2.2. Mitochondrial morphology test
Cells were grown to logarithmic phase in YPEG media, Mito Track-
er Red (Molecular Probes) was added to 1 lg/ml, and cells were grown
for 30 min more, then washed twice with 1 · PBS and observed by
ﬂuorescence confocal microscopy by Zeiss LSM 510.2.3. tRNA import assays
In vitro import assays (import of 32P-labeled tRK1 into isolated
mitochondria in presence of import directing proteins, IDP) and
in vivo analysis of tRNA import by Northern hybridisation were per-
formed as described previously [7,13]. As a routine control of speciﬁc-
ity of the in vitro import assay, the absence of import of 32P-labeledblished by Elsevier B.V. All rights reserved.
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experiments presented here, this control revealed to be negative (not
presented). Oligonucleotides used for Northern hybridization are listed
in Table 3 of the Supplementary online material.
2.4. Inhibition of 26S proteasome proteolytic activity
Yeast cells were grown in YPEG medium to exponential phase,
MG132 (Z-Leu-Leu-Leu-al, Sigma) was added to 20 lM and the cells
were cultured for additional 3 h. Mitochondrial tRNAs were puriﬁed
and analyzed by Northern hybridisation, while total soluble proteins
were assayed for their capacity to direct tRNA import in vitro and
for proteasome activity.
2.5. Proteinase assay
Assay of 26S proteasome proteolytic activity was performed as in
[14]. Proteolytic cleavage of chromogenic substrate N-succinyl-Leu-
Leu-Val-Tyr-7-Amido-4-triﬂuoromethylcoumarin (Suc-LLVY-AFC,
Sigma) was measured in 1 ml of 0.1 M Tris–Cl, pH 8.2 in a ﬂuores-
cence spectrophotometer (Beckman) (excitation at 366 nm, emission
at 405 nm). The ﬂuorescence yield of samples was compared to a stan-
dard curve prepared with known concentrations of Suc-LLVY-AFC in
the same buﬀer. Activities expressed in mU, 1 mU representing the re-
lease of 1 nmol of the product per minute by 1 lg of protein.3. Results
3.1. Identiﬁcation of new tRNA import factors
We presumed that proteins implicated in tRK1 import
should interact either with the imported tRNA, or with its pro-Fig. 1. Identiﬁcation of proteins interacting with preMsk1p and tRK1 and
Rpn13p and Doa1p with tRK1 and tRK2 in the three-hybrid system and w
RNA fusion. Filter b-galactosidase activity test is presented. (B) The eﬀect
+UBI4, over-expression of ubiquitin. Confocal microscopy images are p
mitochondria stained by Mito Tracker Red. The upper panel represents micr
Mito Tracker treated control wild type cells. (C) Respiratory phenotypes of th
plasmid. WT, the parental strain BY 4743. Consecutive 10-fold dilutions oftein carrier – preMsk1p. To search for these proteins three- and
two-hybrid genetic screenings were performed, correspond-
ingly. Among proteins selected by screenings (Supplementary
Tables S4 and S5), three proteins belonged to the ubiquitin/
26S-proteasome system (UPS). Two of them are subunits of
the 19S regulatory particle of proteasome – Rpn8p and
Rpn13p, while the third, Doa1p, is implicated in cellular ubiq-
uitin metabolism [15,16]. Rpn8p was identiﬁed as interacting
with tRK1, Rpn13p – with the full-size preMsk1p, and Doa1p
with the N-terminal domain of preMsk1p (this part of the mol-
ecule was previously shown to be essential for tRK1 import [8]).
The corresponding full-length proteins were re-tested for
interactions with preMsk1 and tRK1, tRK2 or negative con-
trol-phage MS2 RNA (Fig. 1). Both full-length Rpn8p and
Rpn13p interact with preMsk1 in two-hybrid system. They
also are able to bind both tRK1 and tRK2 more eﬃciently
than phage MS2 RNA. Doa1p revealed interaction with
preMsk1 and a non-speciﬁc RNA-binding capacity.
3.2. Rpn13p or Doa1p depletions increase tRK1 import
Since RPN8 gene is essential and even its partial depletion is
known to have a negative eﬀect on viability and mitochondrial
morphology [17], we focused on RPN13 and DOA1 for the fur-
ther functional analysis.
Mitochondria in the deletant rpn13 strain were found to
have a normal morphology (Fig. 1B). This strain grows nor-the phenotypic eﬀects of their depletion. (A) Interaction of Rpn8p;
ith preMsk1p in the two-hybrid system. Negative control-phage MS2
of RPN13 and DOA1 genes deletion on mitochondrial morphology.
resented: left, diﬀerential interference contrast (DIC) image; right,
oscopic analysis of rpn13 and doa1 deletant strains, the bottom panel –
e deletant strains. +5FoA, counter-selection of the ubiquitin-expressing
culture were plated.
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media (Fig. 1C). Thus, the deletion of RPN13 does not have
apparent eﬀect on mitochondrial function. In contrast, tRK1
import was slightly (by 30–40%), but reproducibly increased
upon depletion of Rpn13p, in vitro and in vivo (Figs. 2A
and B).
Deletant strain doa1 has a slow growth at 37 C on the
YPEG medium and its mitochondria have an aberrant mor-Fig. 2. tRNA import is increased in rpn13 and doa1 strains. (A) tRK1 impor
type (BY4373) and rpn13 strains. Control incubations without mitochondria
proteins. Input, an aliquot of the labeled tRK1 (1% in this particular experime
The diagram below represents quantiﬁcation of three independent import as
strain is taken as 1. (B) In vivo import tests by Northern hybridization of m
tRK2, tRK3, oligonucleotide probes using for hybridization. The eﬃciency o
tRK3. The absence of cytosolic contamination was conﬁrmed by hybridizatio
was taken as 1. (C) tRK1 import in vitro directed by IDP isolated from pare
over-expression of ubiquitin. Input, an aliquot of the labeled tRK1 (4% in th
of three independent import assays. (D–E) Quantiﬁcation of tRK1 import iphology in these conditions (Fig. 1B and C). At the same time,
the elevated expression of the gene coding ubiquitin (UBI4) re-
stored mitochondrial respiration function and morphology to
the level of wild type cells (Fig. 1B and C). This eﬀect was
due to the higher level of ubiquitin since exclusion of the
UBI4-expressing plasmid restored the respiration phenotype.
As in the case for Rpn13p, depletion of Doa1p coincided with
a 2-fold increase of tRK1 import (Fig. 2C and D). tRK1t in vitro directed by import directing proteins (IDP) isolated from wild
were used to demonstrate the absence of RNA protection by soluble
nt). Equal amounts of IDP and of labeled tRK1 were used for the tests.
says. The eﬃciency of import directed by IDP isolated from wild type
itochondrial RNAs isolated from yeast strains indicated above. tRK1,
f import was estimated as the ratio of signals corresponding to tRK1/
n with the anti-tRK2 probe. The value obtained for the wild type strain
ntal and doa1 strains, grown at 30 and 37 (indicated above). +UBI4,
is particular experiment). The diagram below represents quantiﬁcation
n vivo in parental and doa1 strains by Northern hybridization.
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pression of ubiquitin (Fig. 2E).
These experiments demonstrate that Rpn13p and Doa1p
might be involved in tRK1 import regulation as its negative
eﬀectors.
3.3. Inhibition of 26S proteasome proteolytic activity decreases
tRK1 import
UPS plays dual role – in regulation by ubiquitination of pro-
tein substrates and in their degradation by 26S proteasomeFig. 3. Inhibition of proteolytic activity reduces tRK1 import. (A) Growth
strains on respiration medium (YPEG) at 37 C. (B) Quantiﬁcation of tRK
isolated from yeast strains indicated above. Diagram presented below includes
indicated . All the values are relative to the control strain (100%). (C) tRK1
below represents quantiﬁcation of two independent import assays. (D,E) Eﬀe
erg6 strain. At the left panel (D), in vitro import tests are presented, the diag
right (E), Northern hybridizations and quantiﬁcation results are presented.[17,18]. We therefore aimed to dissect the implication of these
two functions of UPS in tRNA import.
Yeast strains bearing mutations in genes coding for two pro-
teolytic proteasome subunits: b4 (PRE1) or b5 (PRE2) (pre1-1,
pre2-2 and pre1-1/pre 2-2) show decreased chymotrypsin-like
proteasome activity [19,20]. We found that pre1-1 and pre1-
1/pre 2-2 strains show slightly slower growth on the YPEG
media at 37 C (Fig. 3A). tRK1/tRK3 ratio in mitochondria
puriﬁed from strains pre1-1 and pre1-1/pre2-2 (and, to a lesser
extent, in pre2-2) grown at 37 C, was decreased (Fig. 3B andof pre1-1, pre2-2 and pre1-1/pre2-2 and the control parental WCG4
1 import in vivo by Northern hybridization of mitochondrial RNAs
the results of the measure of proteasomal proteolytic activity in strains
import in vitro directed by IDP isolated from pre-strains. The diagram
ct of MG132 on proteasomal proteolytic activity and tRK1 import in
ram below represents quantiﬁcation of three independent assays; at the
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of the catalytic activity of 26S proteasome, however the corre-
lation was obvious.
The second approach used was treatment of yeast cells with
an inhibitor of chymotrypsin-like activity of the proteasome –
MG132. Strain erg6 with increased permeability of membranes
was used for these experiments since membrane of wild type
cells is impermeable for this inhibitor. After MG132 treatment,
mitochondrial tRNAs were puriﬁed and analyzed by Northern
hybridisation. In parallel, soluble proteins of treated cells were
analyzed for proteasomal activity. In erg6 cells treated with
MG132, the ratio tRK1/tRK3 and level of proteasomal cata-
lytic activity in vitro were decreased to 60 ± 10% and
50 ± 10%, respectively, with respect to the untreated cells
(Fig. 3D).
Therefore, both genetic and biochemical approaches indicate
on the existence of a direct correlation between the eﬃciency of
tRK1 import into mitochondria and proteasomal proteolytic
activity.Fig. 4. Hypothetic mechanism of tRK1 import regulation by the UPS
system. tRK1 is addressed either towards the circuit of cytosolic
translation, or towards the mitochondria (blue arrows). Such a
distribution is determined by interaction of the RNA with either
cytosolic retention factors (most probably related to cytosolic trans-
lation) or mitochondrial import factors. In each of these two sets of
proteins there exist at least one factor whose degradation is directed by
UPS, but only the import factors degradation is dependent on Doa1p
and Rpn13p (gray arrows). Blocking the proteasomal activity by
MG132 or mutating PRE1/2 is indicated by orange lines, RP,
regulatory particle, CP, core particle of the 26 proteasome. (For
interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)4. Discussion
We identiﬁed here three UPS related proteins as possible
tRNA mitochondrial import regulators in yeast, Rpn13p,
Doa1p and Rpn8p. In vivo and in vitro experiments showed
that at least the two ﬁrst proteins might be negative regulators
of tRK1 import. This result enabled us to propose the regula-
tory functions of the UPS system in the tRNA mitochondrial
import. The UPS system has multiple roles in the cell, which
may be partitioned onto regulation of protein ubiquitination
and their proteasomal degradation. The following proteasomal
inhibition experiments have shown that tRK1 import is inhib-
ited when 26S-proteasomal proteolytic activity is turned oﬀ.
These two sets of data may seem contradictory, but also may
reﬂect a dual role of the UPS system in tRNA import, inﬂuenc-
ing in a diﬀerential manner various regulatory factors.
Last years there was an increasing amount of evidence of
UPS inﬂuence on mitochondrial function and morphology.
It is shown that ubiquitination is involved in targeting or deg-
radation of nuclear-encoded pre-proteins on their way into
mitochondria [21,22]. Mutations in UPS components lead to
the defects in mitochondrial morphology and distribution
[17,23,24]. Furthermore, there was often found that ubiquiti-
nation inﬂuences intracellular localization of macromolecules.
For example, mitochondrial targeting of phosphatidylcholine
is regulated by the ubiquitination of the Met30p protein [25].
Glucose-induced mono-ubiquitination was shown to be suﬃ-
cient for correct compartmentalization of the membrane trans-
port proteins responsible for galactose and maltose uptake
[26]. The peroxisomal receptor Pex5p in its non-modiﬁed form
is localized in the peroxisome, while when it is mono-ubiquiti-
nated, is relocated in the cytosol [27], etc.
Two out of three UPS-related proteins found in our genetic
screens, Rpn13p and Rpn8p, were previously characterized as
a part of the regulatory 19S particle. Rpn8p is a non-ATPase
component of the regulatory lid subassembly, though its pre-
cise function is not deﬁned. Recent data permit to suggest par-
ticipation of Rpn13p in diﬀerential recognition of
ubiquitinated proteins – substrates for degradation [16,17].
The third protein, Doa1p was implicated in regulation of the
free ubiquitin level and of the so-called UFD-degradationpathway (Ubiquitin Fusion Degradation), which directs a spe-
ciﬁc subset of proteins to degradation [28,29]. Since our results
demonstrate that withdrawing of either Doa1p or Rpn13p
leads to increase of import, one can propose that they partic-
ipate, one in speciﬁc ubiquitination (in direct or indirect man-
ner), and the second – in speciﬁc recognition and further
degradation by the proteasome, of the proteins which direct
the import of the tRNA into mitochondria. For the moment,
two tRK1 mitochondrial targeting factors were identiﬁed,
preMsk1p and Eno2p [5,7], therefore they may be the targets
of UPS-degradation. There is little chances that preMsk1p is
subject to UPS-degradation, since it is a classical mitochon-
drial matrix-addressed pre-protein, which is virtually absent
in the cytoplasm. In contrast, enolase may be good candidate
for the regulatory role and further experiments might address
the question if UPS can speciﬁcally modulate the amount of
mitochondrially-addressed Eno2p (only a minor subpopula-
tion of one out of two yeast enolase isozymes, <7% of the cel-
lular pool, is mitochondrially targeted and used for tRK1
import [7]). Finally, other proteins implicated in tRK1 import,
which are not yet identiﬁed, may be the targets as well.
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Doa1p, non-speciﬁc inhibition of the proteasomal proteolytic
activity leads to decrease of tRK1 import. This result enables
us to hypothesize existence of other UPS-degraded proteins,
which are negative tRK1 import regulators, promoting reten-
tion of the tRNA in the cytosol. We can hypothesize that such
retention factors are present in higher amounts in the cell than
the import promoting ones and that the inhibition of their deg-
radation will increase the proportion of tRK1 molecules direc-
ted in the cytosolic translation circuit versus mitochondrially-
addressed ones (Fig. 4). Another interesting point is that the
diﬀerences of mitochondrial phenotypes of pre1/2 strains ob-
served at elevated temperature coincided with the decrease of
tRK1 import, which may indicate on existence of conditional
regulation of tRNA import by the UPS system. Such hypoth-
esis would ﬁt with our recent ﬁnding that tRK1 functioning in
mitochondrial translation becomes essential in temperature
stress conditions and its inhibition also causes a conditional
phenotype of mitochondrial deﬁciency [8]. This concept sug-
gests that tRK1 import become essential in temperature stress
conditions (at 37 C), while in normal (30 C) conditions it is
redundant with tRK3 encoded in the mitochondrial genome.
So far, this redundancy does not mean that tRK1 is not used
in mitochondrial translation at 37 C. Up to now, no evidence
existed in any species that mitochondrial import of RNA was
somewhat regulated. Existence of modulation of tRK1 import
by UPS reported here is an indication that RNA import into
yeast mitochondria is a more complicated process than
thought before and may be a subject to a complex regulation.
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